Huntingtin is an antiapoptotic protein that becomes toxic when its polyglutamine stretch is expanded, resulting in Huntington's disease (HD). Protein context and posttranslational modifications regulate huntingtin toxicity. Identifying signaling pathways that act on huntingtin is, therefore, key to understanding huntingtin function in normal and pathological conditions. We show here that huntingtin is phosphorylated by the cyclin-dependent kinase 5 (Cdk5) at serines 1181 and 1201. Phosphorylation can be induced by DNA damage in vitro and in vivo. The state of huntingtin phosphorylation is a crucial regulator of neuronal cell death. Absence of phosphorylation of huntingtin at serines 1181 and 1201 confers toxic properties to wild-type huntingtin in a p53-dependent manner in striatal neurons and accelerates neuronal death induced by DNA damage. In contrast, phosphorylation at serines 1181 and 1201 protects against polyQinduced toxicity. Finally, we show in late stages of HD a sustained DNA damage that is associated with a decrease in Cdk5/p35 levels. We propose that wild-type huntingtin is a component of the DNA damage response signal in neurons and that the Cdk5/DNA damage pathway is dysregulated in HD.
Introduction
Huntington's disease (HD) is a neurodegenerative disorder characterized by involuntary movements, personality changes, and dementia (Young, 2003) . The mutation that causes HD is an abnormal polyglutamine (polyQ) expansion in the protein huntingtin (htt), leading to the selective dysfunction and death of cortical and striatal neurons (MacDonald et al., 2003) . The mechanisms by which mutant htt leads to disease involve various pathways (Ross, 2004; Cattaneo et al., 2005; Borrell-Pages et al., 2006; Li and Li, 2006) . Late events include the cleavage and translocation of htt into the nucleus and subsequent transcriptional dysregulation (Saudou et al., 1998; Sugars and Rubinsztein, 2003; Graham et al., 2006) . Initial events, such as alteration of axonal transport, take place in the cytoplasm (Gunawardena et al., 2003; Gauthier et al., 2004; Trushina et al., 2004) . Also, early dysfunctions including alterations in mitochondrial homeostasis lead to the impairment of mitochondrial enzymes, disrupted Ca 2ϩ signaling, and oxidative damage (Sawa, 2001; Panov et al., 2002; Bezprozvanny and Hayden, 2004; Browne and Beal, 2004; Milakovic and Johnson, 2005; Benchoua et al., 2006) . Interestingly, the tumor suppressor gene p53 could play a nodal role in disease by linking nuclear and mitochondrial dysfunction and mediating neuronal apoptosis (Steffan et al., 2000; Bae et al., 2005) .
Although genetic studies have established that polyQ-htt kills neurons through the gain of a new toxic function, recent evidence supports that the loss of function of wild-type htt contributes to pathogenesis (Cattaneo et al., 2005; Borrell-Pages et al., 2006) . Indeed, htt possesses antiapoptotic properties. Mice lacking htt show an increased programmed cell death during development (Zeitlin et al., 1995) . Wild-type htt is protective against various stresses in neuronal cultures and promotes neuronal survival in mouse in normal and pathological situations (Dragatsis et al., 2000; Rigamonti et al., 2000; Leavitt et al., 2001) . Furthermore, htt enhances transcription and axonal transport of the prosurvival brain derived neurotrophic factor (BDNF). In disease, polyQ expansion in htt leads to a reduction of BDNF transcription and transport, thereby reducing neurotrophic support (Zuccato et al., 2001; Gauthier et al., 2004) . Arguments for a key role of the protein context in pathogenesis also come from the observations that cleavage and posttranslational modifications regulate the toxicity of polyQ-htt (Humbert et al., 2002; (Humbert et al., 2002; Warby et al., 2005; Pardo et al., 2006) .
Another pathway that could be critical in HD involves the cyclin-dependent kinase 5 (Cdk5). Cdk5 is a serine-threonine kinase, the activity of which being mostly restricted to postmitotic and mature neurons, reflecting the localized expression of its required regulatory subunits p35 and p39 (Dhavan and Tsai, 2001) . Cdk5 participates to the proper maturation and maintenance of the CNS. In contrast, Cdk5 is also associated with cell death under pathological conditions (Cruz and Tsai, 2004) . Interestingly, htt is phosphorylated at serine 434 by Cdk5, which reduces mutant htt cleavage, aggregation, and cell death (Luo et al., 2005) . However, the mechanisms leading to Cdk5 regulation in normal and HD pathological situation is unknown. Also, whether Cdk5 phosphorylates htt at other residues and how these phosphorylations impact polyQ-htt-induced toxicity and the function of htt in non-HD conditions remain to be established.
Materials and Methods
Kinase assays. Kinase assays were performed as described previously (Ko et al., 2001) . Neurons were treated at 3 d in vitro with camptothecin (CPT; 10 M; Sigma, St. Louis, MO) and roscovitine (10 M, 4 h; Calbiochem, Darmstadt, Germany). Cells were lysed in NP-40 lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EGTA, 1% Nonidet P-40, 10 mM ␤-glycerophosphate, 5 mM NaF, 1 mM NaPPi, 2 mM DTT, 1 mM sodium vanadate, and 100 M PMSF), and 150 g of total protein were used to immunoprecipitate Cdk5 with C8 antibody (1.5 g) and precipitated with protein A-Sepharose beads (Sigma). Immunoprecipitated complexes were incubated with 1 g of histone H1 and 2.5 Ci of [ 32 P]ATP in 40 l of kinase buffer (50 mM HEPES, pH 7.0, 10 mM MgCl 2 , 5 mM MnCl 2 , 1 mM DTT, and ATP 100 M) for 30 min at room temperature.
Glutathione S-transferase (GST)-htt fragments were expressed 1 h at 37°C in 10 ml of BL21 culture after 1 mM isopropyl-␤-Dthiogalactopyranoside induction. Peptides were purified on 200 l of glutathione-agarose beads and stored at Ϫ20°C. GST-fused proteins (10 l) and 5 ng of recombinant Cdk5/p35 or 2.5 ng Cdk5/p25 (Cell Signaling Technology, Boston, MA) were incubated as above.
Cell culture, transfection, and cell lysate. Primary culture of striatal neurons were prepared from embryonic day 17 Sprague Dawley rats and cultured and transfected at 3 d in vitro by a modified calcium phosphate technique (Saudou et al., 1998) . When indicated, neurons were electroporated the day of plating with the rat neuron Nucleofector kit (Amaxa Biosystems, Cologne, Germany). Mouse neuronal cells derived from wild-type htt mouse (neuronal cells, ϩ/ϩ) and from Hdh 109Q/109Q knock-in mouse (109Q/109Q) were cultured as described previously (Trettel et al., 2000) . Cells were transiently transfected by lipofectamine (Invitrogen, Carlsbad, CA). Neuroblastoma cell line (SH-SY5Y) were grown in RPMI (Roswell Park Memorial Institute) medium containing 10% bovine calf serum, 6 mM L-glutamine, 100 U/ml penicillin G, and 100 g/ml streptomycin sulfate. Cells were electroporated with cell line Nucleofector kit V (Amaxa Biosystems). HEK 293T cells were grown in DMEM containing 10% bovine calf serum, 6 mM L-glutamine, 100 U/ml penicillin G, and 100 g/ml streptomycin sulfate and transiently transfected by the calcium phosphate precipitation method (16 g/10 cm plate DNA). Two days after transfection or treatment, cells were lysed using NP-40 lysis buffer. Western blot analysis was performed on 50 g of extracts of cells. NIH Image J software was used for quantifications of phospho-huntingtin levels (represented as a percentage of phosphorylation standardized to total htt levels).
Antibodies. To generate htt-specific phospho-antibodies S1181 and S1201, two phosphopeptides of the sequences TNPPSLpSPIRRKC (S1181; Eurogentec, Seraing, Belgium) and CKEPGEQASVPLpSPKK (S1201; NeoMPS, Strasbourg, France) were synthesized, coupled to KLH, and used to immunize rabbits. Two polyclonal antibodies to the KLH-coupled peptides, anti-P-htt-S1181 and anti-P-htt-S1201, were obtained and purified as described previously (Humbert et al., 2002) .
Measurement of neuronal death. For death assays, striatal neurons were transfected at 3 d in vitro by a modified calcium phosphate technique (Saudou et al., 1998) with the plasmids of interest and the cytomegalovirus-␤-galactosidase plasmid (10:1 ratio). Forskolin (10 M; Sigma) and IBMX (100 M; Sigma) were added to the cultures 1 h after transfection. To lower the expression levels of htt (see Fig. 6 E), neurons were electroporated the day of plating with the rat neuron Nucleofector kit (Amaxa Biosystems). One day after electroporation or transfection, cells were fixed with 4% paraformaldehyde (PFA) for 20 min and immunostained with anti-htt 4C8 and anti-␤-galactosidase antibodies. When stated, striatal neurons were treated with 100 nM pifithrin-␣ (12-16 h; Sigma), or else neurons were electroporated the day of plating with Sip53 and, 2 d after electroporation, transfected with the different htt constructs. Cells were fixed and immunostained 1 d after transfection as above. 4C8-positive neurons of similar intensities were scored under fluorescence microscopy in a blinded manner. Neuronal degeneration was assessed by neurite loss and nuclear shrinkage (see Fig. 3D ). Death induced by htt was deduced by scoring ␤-galactosidase-positive neurons in control condition (empty vector). For Figure 6 , C and F, neurons were treated as stated, at 1 and 3 d in vitro, respectively, fixed, and immunostained, and neuronal degeneration was assessed by nuclear shrinkage. For all experiments, each graph represents three independent experiments performed in duplicates. Data are expressed as the percentage of neuronal cell death. Each bar in a given graph corresponds to the scoring of ϳ1200 neurons.
DNA damage and huntingtin phosphorylation. To determine the level of DNA damage, cells were fixed in methanol for 5 min at Ϫ20°C and immunostained with anti-␥-H2A histone family, member X (H2AX). Pictures of immunostained nuclei (Hoechst 33258; 0.25 g/ml) were collected using a three-dimensional (3D) microscope and analyzed after subsequent deconvolution as described previously (Gauthier et al., 2004) . Analyses of nuclear ␥-H2AX intensity were generated using a special developed 3D object counter plugin in NIH Image J software (F. P. Cordelières, Institut Curie, Orsay, France; http://rsb.info.nih.gov/ ij/plugins/track/objects.html). Twenty pictures corresponding to 20 cells were taken by condition. The mean of total nuclear ␥-H2AX intensity was made per cell. Each graph represents three independent experiments performed. Data are expressed as the nuclear ␥-H2AX intensity. Each bar in a given graph corresponds to the scoring of ϳ60 cells.
Primary culture of striatal neurons were treated at 3 d in vitro with 50 M H 2 O 2 for 15 min (Laboratoires Gilbert, Hérouville Saint-Clair, France), 500 M dopamine for 3 h (Sigma), or 10 M CPT for 3 h (Sigma). The levels of P-htt-S1181 and ␥-H2AX were determined by Western blot, and quantifications were done by NIH ImageJ software (http://rsb.info.nih.gov/ij/), calculated in percentage of phosphorylation standardized to total htt levels. P-htt-S1201 levels were studied by immunocytochemistry. At indicated times, cells were fixed in methanol for 5 min at Ϫ 20°C and immunostained with anti-P-htt-S1201 and anti-␥-H2AX antibodies. Pictures of immunostained nuclei (Hoechst 33258; 0.25 g/ml) were collected using a 3D microscope and analyzed after subsequent deconvolution. Analyses of nuclear P-htt-S1201 intensity were generated as for ␥-H2AX intensity (see above).
Irradiation of mice. Ten-week-old CD1 mice were irradiated with 5 Gy from a 137 Cs source with a dose rate of ϳ1.01 Gy/min (Nowak et al., 2006) . Eight hours after irradiation, mice were perfused with 4% PFA, and brains were collected and postfixed in 4% PFA for at least 16 h. OCT (Tissue-Tek)-embedded tissue sections (10 m) were unmasked in 0.1 M citrate solution, pH 6, and permeabilized with 0.5% Triton X-100. Sections were blocked in PBS, 0.1% Triton X-100, and 10% goat serum (1 h at room temperature) and immunostained with anti-P-htt-S1201 and anti-␥-H2AX antibodies. Pictures were collected using a inverted microscope. For immunoblotting analysis, 8 h after irradiation, mice were killed, and striata were collected and lysed using NP-40 lysis buffer. Western blot analysis was performed on 50 g of extracts.
Brain tissues. Tissues were obtained from the Harvard Brain Tissue Resource Center (HBTRC; Belmont, MA): three controls (samples 1-3), one HD grade 4 (HD4, sample 4), and one grade 3 (HD3, sample 5) patients. Samples correspond, respectively, to brain numbers 4741, 4744, 4751, 4680, and 4797 as numbered by HBTRC: 1-3, controls (mean Ϯ SEM; age, 55.3 Ϯ 1.9 years; postmortem delay, 23.8 Ϯ 1.9 h); 4 and 5, HD brains grade 3 and 4 (age, 63.5 Ϯ 18.5 years; postmortem delay, 24.0 Ϯ 2.0 h). Tissues were also obtained from Johns Hopkins Medical Institutions (JHMI; Baltimore, MD): three controls (samples 1-3), two HD grade 3 (samples 4 -5), and three grade 4 (samples 6 -8) patients. Samples 1-8 correspond, respectively, to brain numbers 0991, 1613, 138, 150, 151, 174, 181 and 184 as numbered by JHMI (age, 58.8 Ϯ 13.4 years; postmortem delay, 10.3 Ϯ 5.9 h). Samples were homogenized in NP-40 lysis buffer and cleared by centrifugation at 6000 ϫ g (15 min; 4°C). Western blot analysis was performed on 50 g of total extracts.
On-line supplemental material. Detailed information on antibodies and constructs used and statistical analyses may be found in the supplemental data (available at www.jneurosci.org as supplemental material).
Statview 4.5 software (SAS Institute, Cary, NC) was used for statistical analysis. Data are expressed as mean Ϯ SEM.
Results

Cdk5 phosphorylates huntingtin at serines 1181 and 1201 in vitro
Cdk5 exerts its effects by acting on key substrates (Dhavan and Tsai, 2001) . Htt is itself a phosphoprotein with a toxicity when mutated that is regulated by phosphorylation (Humbert et al., 2002; Rangone et al., 2004; Luo et al., 2005; Warby et al., 2005; Pardo et al., 2006; Schilling et al., 2006) . Cdk5 phosphorylates htt at S434 and regulates its proteolysis (Luo et al., 2005) . We analyzed the htt protein sequence and found four putative Cdk5 consensus phosphorylation sites with high probability scores (http://scansite.mit.edu; S1181, S1201, T1859, and S3126) (Fig. 1 A) . We initially wondered whether Cdk5 phosphorylates fragments of htt that encompass these sites. Thus, we generated three GST-fused htt peptides, containing serines 1181 and 1201 (GST-htt-1145-1240), threonine 1859 (GSThtt-1792-1899), and serine 3126 (GST-htt-3038 -3144) ( Fig.  1 A) . The active Cdk5/p35 and the hyperactive Cdk5/p25 kinase complexes phosphorylated these three peptides of htt ( Fig. 1 B) . We also tested a peptide (GST-htt-384 -467) ( Fig.  1 A) containing serine 434. As described previously, this peptide was phosphorylated by the Cdk5/p25 complex (Luo et al., 2005) (Fig. 1 B) .
Serines 1181 and 1201 are highly conserved Cdk5 consensus sites in vertebrates (Fig. 1C ), suggesting that they may be important for the function of htt. Also, proteomic analyses have shown that these sites are phosphorylated, further supporting their physiological importance (Schilling et al., 2006) . We generated a peptide (GST-htt-1145-1240) containing either intact serines S1181/S1201 or a single or double serine to alanine (that cannot be phosphorylated) mutation to demonstrate that these serines are phosphorylated by Cdk5/p35 or Cdk5/p25 complexes. Phosphorylation by Cdk5 decreased in the singly mutated peptide, whereas phosphorylation by Cdk5 was totally inhibited in the double mutated peptide (Fig. 1 D) . These results show that S1181 and S1201 of htt are phosphorylated by Cdk5 in vitro.
Cdk5 phosphorylates huntingtin at serines 1181 and 1201 in neurons
To unequivocally identify S1181 and S1201 as Cdk5 phosphorylation sites, we raised two phosphorylation state-specific polyclonal antibodies based on the human htt sequence. Constructs encoding the first 1301 amino acids of htt with 17 glutamines (wild-type, 1301-17Q) were generated with either intact serines or serine to alanine mutations at sites 1181 and/or 1201. In HEK 293T cells transfected with 1301-17Q htt, the antibody against phospho-S1181 (anti-P-htt-1181) recognized wild-type and 1301-17Q-S1201A fragments but not 1301-17Q-S1181A (Fig.  2 A) . In contrast, the anti-P-htt-S1201 antibody recognized wildtype and 1301-17Q-S1181A fragments but not 1301-17Q-S1201A. These results demonstrate that anti-P-htt-S1181 and anti-P-htt-S1201 specifically recognize htt when phosphorylated at serines 1181 and 1201, respectively, and that these sites are phosphorylated in cells.
We next asked whether Cdk5 phosphorylates endogenous htt at serines 1181 and 1201. Therefore, we cotransfected nonneuronal HEK 293T cells that have low Cdk5 activity, with Cdk5 and p35 or p25. Cdk5/p35 and Cdk5/p25 induced a statistically significant increase in the phosphorylations of serines 1181 and 1201 of endogenous htt ( Fig. 2 B, represented as a percentage of phosphorylation standardized to total htt levels). To further demonstrate that Cdk5 is a bona fide kinase that phosphorylates htt in cells, we then determined the effect of decreasing Cdk5 activity in SH-SY5Y human neuronal cell lines in which Cdk5 activity is high. For this purpose, we used small interfering RNA (siRNA) interference to reduce Cdk5 levels or roscovitine to reduce Cdk5 kinase activity. We observed a statistically significant decrease in S1201 phosphorylation in SH-SY5Y cells transfected with pSuper-Cdk5 or treated with roscovitine (Fig. 2C) . Because of to the weak efficacy of the anti-P-htt-S1181 to detect phosphorylated htt at endogenous levels in SHSY-5Y cells, we used primary cultures of rat striatum, in which Cdk5 activity is particularly high. Cdk5 activity was inhibited by roscovitine or by RNA interference (Fig. 2 D) . We found a statistically significant decrease in S1181 phosphorylation of endogenous htt when Cdk5 activity was inhibited (Fig. 2 D) . Together, these results show that, Figure 1 . Cdk5 phosphorylates huntingtin at S1181 and S1201 in vitro. A, The human htt sequence contains four consensus sites for Cdk5 phosphorylation. GST-fused htt and huntingtin 1301 fragments used in this study are shown. B, Several fragments of htt are phosphorylated by Cdk5 in vitro. Kinase assays are performed using recombinant Cdk5/p35 and Cdk5/p25 and GST-fused proteins as substrates. C, The Cdk5 consensus site is defined by S/T-P-X-K/R with phosphorylation on the S/T. It is well conserved in vertebrates for serines 1181 and 1201 of htt sequence. D, Serines 1181 and 1201 are phosphorylated in vitro. GST-htt-1145-1240 fragments with S1181A and S1201A mutations are subjected to phosphorylation by recombinant Cdk5/p35 and Cdk5/p25. YFP, Yellow fluorescent protein.
although other kinases might be involved as well, serines S1181 and S1201 of endogenous htt are phosphorylated by Cdk5 in cells and neurons.
Phosphorylation of huntingtin at S1181 and S1201 modulates neuronal death through a p53-dependent pathway To investigate the biological consequence of htt phosphorylation by Cdk5, we tested the effect of mutations at S1181 and S1201 on neuronal survival. We generated constructs encoding the first 1301 amino acids of htt with 17 glutamines (wild-type) with intact serines or with serine to alanine or aspartic acid (mimicking constitutive phosphorylation) mutations at sites 1181 and/or 1201. Primary cultures of striatal neurons were transfected with these constructs, and the percentage of neuronal death was measured by neurite loss and nuclear shrinkage and compared with the toxicity induced by a corresponding polyQ fragment (1301-73Q) (Fig. 3A-D) . The different constructs were expressed at similar levels in neurons (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Mutations of each serine to alanine increased the toxicity of wild-type htt to that of polyQ-htt (Fig. 3A) . However, serine to aspartic acid mutations had no effect on the wild-type htt (Fig. 3B) . We tested whether phosphorylations at S1181/S1201 have synergistic or opposite effects on neuronal death using the same construct (1301-17Q) but with both serines being mutated to either alanine or aspartic acid (Fig. 3C,D) . In wild-type htt, double mutations had the same effect as the single mutations. Together, these results indicate that absence of htt phosphorylation at positions S1181 and S1201 makes htt toxic at levels similar to those of htt containing the polyQ expansion. This is to our knowledge the first report of such mutation in wild-type htt.
Having found that absence of phosphorylation at S1181 and S1201 turns htt into a proapoptotic protein, we hypothesized that the pathway activated in response to loss of htt phosphorylation could correspond to apoptotic pathways that are activated in disease, i.e., when htt becomes proapoptotic as a result of the presence of the polyQ-expanded stretch. A good candidate for mediating neuronal death in this situation is the apoptotic protein p53. It was observed previously in cellular and animal models of HD that polyQ-induced toxicity is mediated by p53 (Bae et al., 2005) . Also, p53 is a key protein that regulates the apoptotic machinery in cells (Vogelstein et al., 2000) . Therefore, we investigated whether the toxic effect on wild-type htt of the absence of phosphorylation at S1181 and S1201 also involves this pathway. We inhibited p53 using either pifithrin-␣, a specific p53 inhibitor (Fig. 3E ), or RNA interference, which efficiently reduces p53 levels in neurons (Fig.  3F ). As expected (Bae et al., 2005) , polyQinduced neuronal cell death was abolished by pifithrin-␣ (Fig. 3E) or by low p53 levels (Fig. 3F ) . Likewise, the toxicity induced by the absence of phosphorylation of wildtype htt at S1181 and S1201 (1301-17Q-AA) was completely blocked by inhibiting p53 (Fig. 3 E, F ) . Thus, p53 mediates both polyQ-induced neurotoxicity and the toxicity of wild-type htt induced by the loss of phosphorylation at S1181 and S1201. As recently demonstrated for ataxin-1 (Lam et al., 2006) , this supports the notion that the same cellular pathways are used by polyQ-containing proteins in health and disease.
Neuronal DNA damage regulates Cdk5 activity and huntingtin phosphorylation
Having demonstrated that htt phosphorylation at S1181 and S1201 is critical to regulate neuronal death and p53 dependent, we sought to identify the cellular event leading to htt phosphorylation. Among several events, we postulated that DNA damage could be involved. Indeed, the tumor suppressor gene p53 is key to regulate the cell response to cellular stresses and in particular to DNA damage (Vogelstein et al., 2000; Jacobs et al., 2006) . Furthermore, Cdk5 may participate in the response to DNA damage in neurons (Lee and Kim, 2007) . The dysregulation of Cdk5 occurs with aging and concomitantly with an increase in DNA damage (Lu et al., 2004) . The expression and activity of Cdk5 are particularly decreased in the late response to DNA damage (O'Hare et al., 2005) . We asked whether phosphorylations of htt that regulate neuronal toxicity could be linked to DNA damage and, thus, set up a neuronal system in which DNA damage is induced. We first analyzed the DNA damage response during oxidative stress in primary culture of striatal neurons because striatal neurons are the most vulnerable in HD (Fig. 4 A) . For this purpose, we assessed the levels of the well known DNA damage marker ␥-H2AX. Histone H2AX is indeed phosphorylated during induction of DNA double-strand breaks. Treatment with H 2 O 2 (50 M, 15 min) or with dopamine (500 M, 3 h), which cause oxidative stress, resulted in ␥-H2AX foci accumulating in Figure 2 . Cdk5 phosphorylates huntingtin at S1181 and S1201 in neurons. A-D, Immunoblotting experiments are performed using the anti-P-htt-S1181, anti-P-htt-S1201, anti-htt (4C8), anti-Cdk5, anti-p35, and anti-␤-actin antibodies as indicated. A, To assess the specificity of the phospho-antibodies, 1301-17Q, 1301-17Q-S1181A, and 1301-17Q-S1201A are expressed in HEK 293T cells. B, Cdk5/p35 and Cdk5/p25 are expressed in HEK 293T cells. Quantification reveals a statistically significant increase in phosphorylation at S1181 and S1201 of endogenous htt in the presence of Cdk5/p35 and Cdk5/p25. C, D, Htt phosphorylation at S1181 and S1201 is significantly inhibited by decreasing Cdk5 levels by RNA interference (pSuper-Cdk5) or by roscovitine treatment. SH-SY5Y cells (C) and primary cultures of striatal neurons (D) were transfected with pSuper-Cdk5 or treated with roscovitine (10 M, 3 h). Quantifications reveal decreased phosphorylations when Cdk5 activity is diminished. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. the nuclei of neurons, corresponding to the sites of DNA lesions. We more specifically assessed the effect of DNA damage by using a specific inhibitor of topoisomerase I, CPT (10 M, 3 h). CPT also led to ␥-H2AX foci forming.
Because primary cultures of striatal neurons showed the classical response to DNA damage, we then investigated Cdk5 activity in these cells (Fig. 4 B) . Thus, we treated a primary culture of striatal neurons with CPT and examined the activity of Cdk5 during early (10 M CPT, 3 h) and late (8 h) DNA damage events. After the immunoprecipitation of Cdk5, we performed in vitro kinase assays using histone H1 as a substrate (Fig. 4 B) . After 3 h of CPT treatment, Cdk5 activity was much higher that in control neurons, although this increase is not linked to an increase in Cdk5 or p35 protein levels (Fig. 4 B, immunoblotting). At 8 h, Cdk5 activity returned to basal levels. We treated the cells with roscovitine to determine the specificity of the Cdk5 assay. As expected, in the presence of roscovitine, histone H1 phosphorylation was inhibited. Furthermore, when Cdk5 was inhibited, CPT no longer increased the Cdk5 activity.
Because DNA damage modulates Cdk5 activity in striatal neurons, we investigated whether htt is selectively phosphorylated by Cdk5 during DNA damage. Primary culture of striatal neurons were treated with CPT, and neurons extracts were analyzed by immunoblotting. CPT treatment resulted in an accumulation of ␥-H2AX and an increase phosphorylation at S1181 (Fig. 4C) . Similar results were obtained using the anti-P-htt-S1201 in human neuroblastoma cells (Fig.  4D) . We then decreased Cdk5 activity by roscovitine treatment and found that, in these conditions, CPT had no effect, indicating that CPT-induced phosphorylations at S1181 and S1201 depend on Cdk5. We conclude that in striatal neurons, both Cdk5 activity and huntingtin phosphorylations at S1181 and S1201 increase in response to DNA damage.
Huntingtin is phosphorylated by Cdk5 during DNA damage in nuclei of neurons
We further characterized the phosphorylation of htt at S1201 using the anti-P-htt-S1201 antibody by immunocytochemistry because this antibody works well in immunostaining of fixed cells, therefore allowing a precise analysis of phosphorylation at a single-cell level. The P-htt-S1201-immunopositive staining was observed in neurons as nuclear dots (Fig. 5A) , similar to the previously described location of htt in the nucleus (De Rooij et al., 1996; Kegel et al., 2002). The nuclear localization of S1201-phosphorylated huntingtin was further confirmed by cellular fractionation (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). As expected, htt and Cdk5/p35 were found to be present in both the nucleus and the cytoplasm. Because DNA damage occurs in the nucleus, we focused our study on nuclear htt and found by immunoblotting experiments that, during CPT treatment, the level of phosphorylated htt was increased in this compartment. Absence of phosphorylation at serines 1181 and 1201 turns huntingtin into a toxic protein through a p53-dependent mechanism. A-F, Primary cultures of striatal neurons are transfected by a modified phosphate calcium technique with constructs encoding the first 1301 amino acids of human htt containing 17 (wild-type, 1301-17Q) or 73 (1301-73Q) glutamines with intact serines or serines to alanines or aspartic acids mutations. Neurons are scored for neuronal cell death. D, Striatal neurons are immunostained using anti-htt 4C8 antibody (red). Nuclei are stained with Hoechst. White arrows indicate degenerating neurons. Scale bar, 100 m. E, F, p53 mediates polyQ-induced toxicity and the toxicity of wild-type htt induced by the absence of phosphorylations at serines 1181 and 1201. The activity of p53 is inhibited using pifithrin-␣ (PTF-␣) (E) or RNA interference (F ). Although a control siRNA (Si-Sc) had no effect, the p53-directed siRNA (Si-p53) lowers p53 levels as revealed by immunoblotting against p53 and ␤-actin (loading control). *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. NS, Not significant.
We then analyzed the effect of DNA damage by treating primary cultures of striatal neurons with H 2 O 2 or CPT (Fig. 5B) . These treatments induced DNA damage, as confirmed by ␥-H2AX immunostaining, leading to an increase in the intensity of P-htt-S1201-immunopositive nuclear dots. We quantified this intensity by analyzing deconvoluted pictures of immunostained nuclei from at least 20 independent cells per condition using a 3D microscope (Fig. 5C) (Gauthier et al., 2004) . We used a specially developed 3D object counter plugin in NIH Image J to calculate the mean of the total nuclear P-htt-S1201 intensity per cell. The CPT-induced increase in htt phosphorylation at S1201 was found to be statistically significant (Fig. 5C) . When treating cells with roscovitine, the CPT-increased phosphorylation at S1201 was completely blocked (Fig. 5C ), suggesting that htt phosphorylation at S1201 in response to DNA damage occurs through Cdk5.
To further assess the specificity of the observed phosphostaining and to unequivocally demonstrate that Cdk5 is indeed the kinase involved in this phosphorylation, we used appropriate siRNA to downregulate these proteins. As detected by immunoblotting, this allows to decrease the levels of htt and Cdk5 (Fig.  5E ). In both conditions, the intensity of the P-htt-S1201-immunopositive dots was significantly decreased (Fig. 5D , white bars). Furthermore, CPT was no longer able to induce an increased phosphorylation at S1201 when htt and Cdk5 levels were reduced by RNA interference (Fig. 5D, black bars) . Therefore, we conclude that htt is phosphorylated by Cdk5 at S1181 and S1201 after DNA damage in primary culture of striatal neurons.
Huntingtin is phosphorylated during DNA damage in the mouse striatum
We next wondered whether phosphorylation of htt during DNA damage occurs in vivo. To this end, 10-week-old wild-type mice were exposed to 5 Gy of ␥ radiation. Coronal sections of brains collected at 8 h after irradiation were analyzed by immunostaining using anti-P-htt-S1201 and anti-␥-H2AX antibodies (Fig.  5F ). Very few striatal neurons were stained by the ␥-H2AX antibody in unirradiated control brains (top row). In contrast, 8 h after irradiation, most if not all striatal neurons contained nuclear foci of ␥-H2AX (bottom row) indicative of DNA damage. We also analyzed phosphorylation state of htt using the P-htt-S1201 antibody. Similar to the observation in cultured neurons (Fig. 5B) , under irradiation conditions, P-htt-S1201-immunopositive staining was observed in neurons as nuclear dots. We next aimed to demonstrate phosphorylation on S1181 in vivo. Because the P-htt-S1181 antibody does not work by immunohistochemistry, we immunoblotted brain extracts of control and irradiated mice with this antibody and anti-htt, anti-Cdk5, anti-p35, and anti-␤-actin antibodies. Although the total levels of htt, Cdk5, and p35 remained constant, phosphorylation of htt at S1181 was induced by DNA damage in vivo (Fig. 5F, right) . These results unequivocally demonstrate that htt is phosphorylated in vitro and in vivo at S1181 and S1201 in response to DNA damage and is directly associated to the DNA damage response pathway in neurons.
Phosphorylation of huntingtin at serines 1181 and 1201 precedes DNA damage-induced neuronal death
During the early phases of DNA damage, Cdk5 activity is increased, whereas aging and the accumulation of DNA damage activity is elevated after 3 h of CPT treatment, although its activity returned to basal level after longer treatment. In vitro kinase assays are performed using immunoprecipitated Cdk5 from primary cultures of striatal neurons treated with DMSO (0.1%, control), 10 M CPT (3 and 8 h), and, when indicated, 10 M roscovitine (4 h). Histone H1 is used as a substrate. Analysis of the total extracts by anti-Cdk5, anti-p35, and anti-␤-actin immunoblotting reveals that the increase in Cdk5 activity is not linked to an increase in Cdk5 and p35 levels. C, D, Primary cultures of striatal neurons (C) and SH-SY5Y cells (D) are treated with DMSO (0.1%, control), roscovitine (10 M, 4 h), and 10 M CPT (3 h). Protein extracts are analyzed by immunoblotting with anti-P-htt-S1181, anti-P-htt-S1201, anti-htt, anti-␥-H2AX, and anti-␤-actin antibodies. C, D, Quantifications reveal significantly increased phosphorylations at S1181-S1201 during DNA decrease Cdk5 levels in the brain (Lu et al., 2004) . Therefore, we assessed the kinetics of htt phosphorylation during treatment with CPT for varying lengths of time (Fig.  6 A) . The intensity of P-htt-S1201 spots increased rapidly and significantly, reaching a maximum intensity after 3 h of induced DNA damage. At 8 h, the level of phosphorylation at S1201 in surviving neurons decreased, returning to basal levels. We observed similar statistically significant results when immunoblotting extracts from the same experiment with the anti-P-htt-S1181 (Fig. 6 B) . Under the same experimental conditions, we examined CPT-induced neuronal death (Fig.  6C) . Consistent with a previous report (O'Hare et al., 2005) , at early stages of DNA damage (3 h, CPT), we observed no statistically significant neuronal toxicity, whereas a progressive and marked neuronal death was observed after longer CPT treatments (8 h). To further confirm that the event of phosphorylation is an early response to DNA damage, we treated neurons with CPT for 3 h, washed them, and incubated them for another 5 h with standard medium. Interestingly, the short exposure of neurons to CPT did not induce neuronal toxicity at 8 h but still triggered the phosphorylation of htt that was reversible (Fig. 6 D) . Together, we conclude that htt phosphorylation is an early response to DNA damage when no neuronal death is observed.
Finally, we treated neurons with CPT and examined the effect of htt phosphorylations or not on DNA damage-induced neuronal death. We electroporated neurons with 1301-17Q-AA and 1301-17Q-DD. This allowed a better efficiency of transfection compared with the calcium phosphate method but with a lower amount of the construct of interest in each individual neuron (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). As a consequence, the kinetics of death induced by 1301-73Q or 1301-17Q-AA were slower using electroporation (data not shown). We could thus look at a time point at which the expression of 1301-17Q-AA did not yet induce cell death (Fig. 6 E, left bars) . In these conditions, CPT treatment drastically increased cell death when htt could not be phosphorylated (Fig. 6 E) . We also examined the effect of inhibiting Cdk5 on CPT-induced cell death. Consistent with htt and its phosphorylation by Cdk5 playing a role in the DNA damage response, we found that roscovitine treatment of striatal neurons increased cell death, which was further enhanced by CPT treatment (Fig. 6 F) . These results indicate that htt phosphorylations by Cdk5 participate to the DNA damage-induced neuronal death.
DNA damage and Cdk5 are regulated in HD
Having demonstrated that phosphorylation of wild-type htt regulates DNA damage-induced cell death, we investigated whether the DNA damage pathway could be altered in disease. First, we assessed the levels of ␥-H2AX in the genetic HD situation. We used mouse cell lines derived from striatal precursor cells of knock-in mice in which a CAG expansion was inserted into the endogenous mouse htt gene (Trettel et al., 2000) . These cell lines carry either two copies of wild-type htt (wild-type cells, ϩ/ϩ) or two copies of mutant htt (homozygous HD mutant cells, 109Q/ 109Q). They most closely reflect the situation in HD patients because wild-type or polyQ-htt are expressed endogenously. Immunoblotting (Fig. 7A) or immunocytochemistry (Fig. 7B) showed that the levels of ␥-H2AX were significantly higher in 109Q/109Q cells than in ϩ/ϩ cells. The increased of nuclear ␥-H2AX foci intensity was found to be statistically significant (2.1-fold increase in 109Q/109Q cells with respect to wild-type cells; unpaired t test, t (97) ϭ Ϫ2.85, p ϭ 0.0054).
We also analyzed the levels of ␥-H2AX in striatal samples from HD patients corresponding to late stages of the disease. It is well established that, in HD, there is a selective atrophy of the brain, with the striatum being affected the most severely. We analyzed human samples from control (CT) and HD grade 3 and 4 (HD) patients from two independent cohorts (HBTRC and JHMI) using an antibody against ␥-H2AX (Fig. 7C) . Anti-␤-actin was used as a control for protein loading. The level of ␥-H2AX in HD Figure 5 . Phosphorylation of huntingtin at serine 1201 is induced by Cdk5 during DNA damage in cells and in vivo. A, B, P-htt-S1201-immunopositive nuclear staining is increased by DNA damage. Striatal neurons are untreated or treated with DMSO (0.1%, control), H 2 O 2 (50 M, 15 min) and CPT (10 M, 3 h). Fixed neurons are immunostained for the presence of P-htt-S1201 and ␥-H2AX. Nuclei are stained with Hoechst. Scale bars, 10 m. C, D, P-htt-S1201-immunopositive nuclear staining is specific to Cdk5 and htt. Neurons are treated with DMSO (0.1%, control), roscovitine (10 M, 4 hr), CPT (10 M, 3 hr), and/or electroporated with control siRNA (Si-Sc), siRNAs directed against htt (Si-htt), or pSuper-Cdk5. Striatal neurons are fixed in methanol and immunostained for P-htt-S1201, and quantification of the nuclear P-htt-S1201 dots intensity is performed. E, Immunoblotting analysis revealed that si-htt and pSuper-Cdk5 reduce htt and Cdk5 levels, respectively, in primary cultures of striatal neurons. F, Radiation induces DNA damage and phosphorylation of htt at serines 1181 and 1201 in mouse. Striatal coronal sections of a wild-type mice 8 h after irradiation (bottom row) and of an unirradiated control (top row) were stained for the presence of P-htt-S1201 and ␥-H2AX. Nuclei are stained with Hoechst. Scale bar, 100 m. Brain extracts of an unirradiated control (Control) and of a wild-type mice 8 h after irradiation (5 Gy) were analyzed by immunoblotting for P-htt-S1181, htt, Cdk5, p35, and ␤-actin. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. NS, Not significant.
samples was considerably higher than that in control samples, demonstrating that DNA damage is increased in HD. Consistent with this, DNA damage markers have been observed accumulating in fibroblasts from HD patients (Giuliano et al., 2003) and in a mouse model of HD (Bogdanov et al., 2001 ).
We next compared by anti-Cdk5 and anti-p35 immunoblotting the level of Cdk5 and its regulatory partner p35 in these HD extracts. In several HD human brain samples, we observed a pronounced downregulation of Cdk5 and its regulatory partner versus that in control human brain. This is in agreement with a previous study (Luo et al., 2005) showing that Cdk5 activity is reduced in HD mouse brains compared with controls.
Phosphorylations of huntingtin at S1181 and S1201 regulate polyQ-induced toxicity To investigate the consequences of DNA damage-induced regulation of Cdk5 in HD, we assessed the effect of the absence or constitutive phosphorylation at S1181 and S1201 in HD situation on neuronal survival. We used constructs encoding the first 1301 amino acids of htt with 73 glutamines (polyQ, 1301-73Q) with intact serines or with serine to alanine or aspartic acid mutations at sites 1181 and/or 1201. Primary cultures of striatal neurons were transfected with these constructs, and the percentage of neuronal death was measured as in Figure 3 . The absence of phosphorylation had no obvious effect on polyQ-htt-induced cell death (Fig. 7D) . However, whereas polyQ-induced toxicity was only slightly decreased by single mutations to aspartic acid, double mutations completely rescued polyQ-induced toxicity ( Fig. 7E ) (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). These data show that phosphorylations at S1181 and S1201 inhibit polyQhtt-induced cell death in neurons.
Discussion
DNA damage response has been extensively described in cycling cells, in particular regarding its role in cancer, but much less is known in differentiated cells like neurons. We now demonstrate that the increase in the activity of the neuronal kinase Cdk5 in response to DNA damage results in the specific phosphorylation of htt at serines 1181 and 1201 (Fig. 7F ). These phosphorylations are crucial to regulate neuronal cell death through the p53 pathway. In HD, phosphorylation of polyQhtt by Cdk5 completely protects against polyQ-induced p53-mediated cell death. In contrast, in the absence of phosphorylation, wild-type htt becomes toxic and accelerates the DNA damage response. Our data suggest that, whereas transient activation of this pathway is an early neuroprotective response, sustained DNA damage as observed in the pathological situation, results in loss of Cdk5 activity with subsequent htt dephosphorylation and enhanced p53-mediated cell death. Figure 6 . Phosphorylation of huntingtin occurs early before neuronal death. A, Striatal neurons treated with CPT (10 M) for varying lengths of time are fixed in methanol and immunostained for P-htt-S1201. Quantification of the nuclear P-htt-S1201 dots intensity reveals an increased phosphorylation at S1201 of htt at 3 h of CPT treatment. At 8 h, S1201 phosphorylation returns to basal level. B, Phosphorylation of htt at S1181 follows the same kinetic during CPT treatment than that of S1201. Primary culture of striatal neurons were treated with DMSO (0.1%, control), roscovitine (10 M, 4 h), and CPT (10 M, 3 and 8 h). Protein extracts of neuronal cultures were analyzed by immunoblotting with anti-P-S1181 and anti-htt antibodies. C, Neuronal cell death is induced at 8 h of CPT treatment. Neurons are treated as in A and fixed and scored for neuronal cell death. D, Neurons are treated with CPT (10 M) for 3 h and washed with culture media for 5 h when indicated (wash), fixed in methanol, and immunostained for P-htt-S1201 or scored for neuronal death. The increased phosphorylation at S1201 of htt at 3 h of CPT treatment is reversible by removal of CPT. As a control, cell death remains constant. E, Unphosphorylated htt accelerates DNA damage-induced cell death. Neurons electroporated with low amount of 1301-17Q, 1301-17Q-AA, and 1301-17Q-DD and treated with DMSO (0.1%, control) and CPT (10 M, 3 h) were scored for neuronal cell death. F, Reducing Cdk5 activity increases CPT-induced neuronal death. Striatal neurons were treated with DMSO (0.1%, control), CPT (10 M, 3 h), and roscovitine (10 M, 4 h) and analyzed as in A.*p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. NS, Not significant.
The observation of neurological deficits in human syndromes associated with genetic defects in DNA damage response, including ataxia telangiectasia, have linked DNA damage response to neurodegeneration (Rolig and McKinnon, 2000) . In neurodegenerative diseases such as Alzheimer's, Parkinson's, and Huntington's diseases, oxidative stress in neurons may cause numerous DNA lesions to accumulate, resulting in apoptosis (Caldecott, 2004) . Although the tumor suppressor gene p53 is more often studied in proliferating cells, it is likely to play a similar role in neurons by either regulating the DNA repair process or inducing apoptosis (Culmsee and Mattson, 2005) . Indeed, p53 mediates neuronal death in many cellular or animal models of neurodegenerative disorders and after DNA damage in neurons (Mattson et al., 2001; Jacobs et al., 2006) . Our study links Cdk5 and htt to the p53-mediated response to DNA damage in HD. This further emphasizes the importance of increased oxidative stress and DNA damage in neurodegenerative disorders. Dysregulation of this pathway is also central during aging. Comparing two highly diverged animals, Caenorhabditis elegans and Drosophila, shows that aging is characterized by common changes in mitochondrial and DNA repair genes (McCarroll et al., 2004) . Furthermore, Lu et al. (2004) defined a set of genes, including Cdk5, having a reduced expression in the human brain after 40 years of age attributable to selective damage of their promoters by oxidative stress. This suggests there are shared mechanisms in the DNA damage response in both normal aging and neurodegenerative disorders. However, in diseases such as HD, this age-related process is accelerated by the presence of the mutation.
Previous reports have established the involvement of p53 in HD pathogenesis (Steffan et al., 2000; Trettel et al., 2000; Bae et al., 2005) . PolyQ-htt dysregulates normal transcription in neurons. PolyQ-htt may sequester transcription factors into aggregates, as seen for the CREB (cAMP response element-binding protein)-binding protein (CBP) resulting in the inhibition of CBPand p53-dependent transcriptions (Steffan et al., 2000; Nucifora et al., 2001) . Furthermore, transcriptional dysregulation occurs through the interaction of soluble polyQ-htt with transcription factors, including p53 (Yu et al., 2002; Schaffar et al., 2004; Bae et al., 2005; Cong et al., 2005) . In addition, elevated levels of p53 are observed in the 109Q/109Q mouse cell lines derived from striatal precursor cells of knock-in mice (Trettel et al., 2000) . These elevated levels of p53 are also observed in neuronal cells, HD mice, and HD patients (Bae et al., 2005) . Finally, Bae et al. (2005) demonstrate that the neurodegeneration in HD model of flies and mice is prevented by perturbation of p53 either by pifithrin-␣, RNA interference, or genetic deletion. We now show that, in nonpathological conditions, Cdk5 through the phosphorylation of wild-type htt modulates neuronal death through a p53-dependent pathway. A link between p53 and htt in normal and pathological conditions is further supported by the observation that p53 regulates htt expression at the transcriptional level (Feng et al., 2006) . Finally, the idea that the same cellular pathways and partners are involved in health and disease may apply to other polyQ disorders, as shown recently for ataxin-1 (Lam et al.,  2006) . . DNA damage, cdk5, and phosphorylations of huntingtin at S1181 and S1201 in HD. A, B, Extracts from wild-type (ϩ/ϩ) and 109Q/109Q mouse striatal cells are analyzed for the presence of ␥-H2AX. Immunoblotting with an anti-␤-actin antibody is used as a control. Accumulation of ␥-H2AX is observed in polyQ cells. B, Immunostaining of ␥-H2AX nuclear foci in ϩ/ϩ and 109Q/109Q cells reveals an increase of foci in the presence of polyQ-htt. Scale bar, 10 m. C, Whereas ␥-H2AX levels are increased in the striatum of HD patients, Cdk5 and p35 levels are reduced. Protein extracts are prepared from whole striatum of control (CT) and HD individuals and analyzed for the presence of ␥-H2AX, Cdk5, and p35. Immunoblotting with an anti-␤-actin antibody is used as a control. D, E, Phosphorylation of serines 1181 and 1201 in polyQ-htt blocks neuronal death. Primary cultures of striatal neurons are transfected by a modified phosphate calcium method with constructs encoding the first 1301 amino acids of human htt containing 73 glutamines (polyQ, 1301-73Q) with intact serines or serines to alanines or aspartic acids mutations. Neurons are scored for neuronal cell death. F, In normal conditions, DNA damage events occur from spontaneous decay, replication errors, and cellular metabolism. Cdk5 is then activated as a response to DNA damage leading to phosphorylation of serines 1181 and 1201 of htt. Htt phosphorylation blocks polyQ-induced neuronal death in a p53-dependent manner. In contrast, in aging and late stages of HD that correspond to accumulation of DNA damage, the activity of Cdk5 is decreased, and the reduced phosphorylation of wild-type htt turns it into a toxic protein, therefore accelerating DNA damage-induced cell death. ***p Ͻ 0.001.
